Ge1-ySny alloys with compositions in the 0.15 < y < 0.30 range have been grown directly on Si substrates using a chemical vapor deposition approach that allows for growth temperatures as high as 290 o C. The films show structural properties that are consistent with results from earlier materials with much lower Sn concentrations. These include the lattice parameter and the Ge-Ge Raman frequency, which are found to depend linearly on composition. The simplicity of the structures, directly grown on Si, makes it possible to carry out detailed optical studies. Sharp absorption edges are found, reaching 8 μm near y =0.3. The compositional dependence of edge energies shows a cubic deviation from the standard quadratic alloy expression. The cubic term may dramatically impact the ability of the alloys to cover the long-wavelength (8-12 μm) mid-IR atmospheric window.
The recent development of Si-compatible Ge1-ySny alloys represents an intriguing opportunity for infrared technologies, since the alloys are expected to possess a direct band gap E0 between 0.8 eV and -0.4 eV, similar to the ubiquitous HgCdTe system. Furthermore, most theoretical predictions and extrapolations from experimental data indicate that E0 becomes zero for y = 0.25-0.30, so that the two important mid-IR atmospheric windows in the 3-5 μm and 8-12 μm ranges should be accessible using Ge-rich alloys. However, a full experimental verification of these predictions is not available, because systematic band gap studies become increasingly problematic as the Sn concentration exceeds 15%. This is due to the fact that the standard Ge-buffer technology loses its effectiveness for accommodating the lattice mismatch, causing a deterioration in materials quality that can even lead to epitaxial breakdown. 1 Attempts to circumvent the quality issues to achieve alloys with y >> 0.15 are based on lowering the growth temperature to about 150 ℃ in molecular beam epitaxy (MBE), 2, 3 or using complex buffer layers with intermediate compositions. [4] [5] [6] However, very few reports have been published on band gaps from such samples, and the few results available are inconsistent. For example, Imbrenda finds E0 = 0.358 eV for y = 0.15 alloys grown by MBE on Ge substrates, 7 whereas Dou et al. obtain exactly the same value for y = 0.223 using chemical vapor deposition (CVD) on graded buffers deposited on Si substrates. 6 These contradictory results suggest that the elucidation of the mid-infrared optical properties of Ge1-ySny will require experiments on samples that meet the following requirements: first, a smooth and monotonic compositional dependence of their structural properties that is consistent with the properties of low-Sn alloys of proven quality; second, the samples should not contain intermediate buffer layers, particularly graded ones, because such complex structures make it very difficult to extract the optical properties of the layer of interest. In this letter, we report on the structural and optical characterization of a series of Ge1-ySny alloys that satisfy these two criteria.
Our Ge1-ySny alloys were synthesized by CVD using stoichiometric reactions of highreactivity Ge3H8 and SnD4 custom reagents. 8 The layers are grown directly on Si, bypassing Ge buffers and/or complex graded layers. The composition range reaches far beyond the previous y = 0.17-0.18 threshold for samples grown directly on Si, 9 and includes the highest Sn levels synthesized to date using practical CVD methods. The growth is conducted between 245-290 o C, significantly above the temperatures (~150 o C) employed in MBE. This facilitates nearly full strain relaxation, as shown by X-ray diffraction (XRD). The relaxed lattice parameter and the Ge-Ge Raman frequency follow the same linear compositional dependence previously established in low-Sn films, 10, 11 demonstrating similar structural properties and no Sn-segregation. The simplicity of the structures, devoid of buffer layers, makes it possible to carry out detailed optical studies using spectroscopic ellipsometry (SE). In the visible range, we find sharp features corresponding to all optical transitions observed in Ge-like materials. In the IR, we find absorption edges extending all the way down to 8 μm. The compositional dependence of these features show a nearly ideal quadratic dependence for high-energy features, but clear deviations from this dependence for E0(y).
For a typical growth experiment, stock mixtures are prepared using 0.25 g of Ge3H8 and varying amounts of SnD4 to achieve stoichiometric Sn/Ge fractions matching the desired alloy composition. We also explored the effect of doping levels of Si by adding small amounts of Si4H10 for some of the experiments. The mixture is diluted with 1.3 liters of H2 and placed on the gas flow manifold of the deposition system. The substrates are RCA-cleaned quadrants of 100-mm Si (100) wafers. These are subsequently dipped in a 5% HF/MeOH bath, dried under a stream of N2, and loaded into a quartz boat capable of accommodating multiple wafer segments positioned upright 1 cm apart. The boat is then placed into the load-lock of the deposition system, pumped down to 10 -8 Torr and then inserted under a continuous flow of H2 into the CVD chamber. The latter is a ⌀ 3" quartz tube externally heated by a three-zone resistance furnace. In preparation for growth the tube and boat are subjected to a Si coating to passivate the walls. The growth temperature is then set to the desired level and a background H2 flow at 200 mTorr is established under dynamic pumping using oil-free pumps. This H2 source serves as an additional diluent of the reaction mixture. After a short Ge2H6 clean, the reaction mixture is injected through calibrated mass flow controllers and combined with the H2 carrier gas to commence growth. Typical deposition experiments lasted 60 min.
Rutherford backscattering (RBS) measurements following the methodology of Ref. 10
gave Sn/Ge ratios closely matching the corresponding ratios in the gaseous mixtures. In the Sidoped samples, the amount of Si was found to range from 2% to less than 1% at the highest Snconcentrations. At such low levels Si has a very minor impact on the material properties, but the ability to incorporate this element under the high-Sn growth conditions may turn out to be important to achieve full mid-IR coverage, as discussed below. The temperatures that maximize the growth rate while maintaining a mirror-like surface appearance and suppressing Sn Fig. 6(a) . The good agreement between theory and experiment, both for pure Ge (Refs. 15 and 16) and Ge1-ySny provides strong support for our interpretation in terms of interband transitions. It is important to emphasize that our theoretical expressions contain the value of E0 and its broadening as adjustable parameters, but do not include an "amplitude" parameter that adjusts the absorption strength, as is often the case in the literature. Instead, all prefactors are computed for pure Ge using the experimental effective masses in this material, and extrapolated to Ge1-ySny using k·p theory and assuming that the momentum matrix element P scales as (Ref. 17) . For narrow band gap semiconductors at room temperature several additional effects must be accounted for that play a lesser role in pure Ge. These include screening of the excitonic interaction by thermally activated carriers, Burstein-Moss shifts, and band structure non-parabolicity. We have accounted for these effects by adapting the analytical expression for the complex dielectric function obtained by
Tanguy for the so-called Hulthen excitonic potential. 18 This potential includes a screening parameter g that is computed using a prescription from Bányay and Koch 19 starting from the Thomas-Fermi screening wave vector, which is calculated using standard expressions. The direct band gap as a function of composition is shown in Fig. 6(b 20 and proposed an expression of the form , with = 2.66 eV , and = -5.4 eV. These fit parameters were obtained by studying samples with y < 0.10, which are indicated as circles in Fig. 6(b) . Convincing statistical evidence for this effectively cubic compositional dependence was obtained from a very large sample set, but the deviations from a purely quadratic function are very small for y < 0.10. Our extended data for y > 0.10, on the other hand, provide clear evidence for the characteristic S-shape associated with cubic terms. A fit that includes all available data points gives = 2.88 ± 0.04eV, and = -5.23 ±0.025 eV, and is shown as a solid line. The S-like shape in the compositional dependence has been observed in III-V alloy systems 21, 22 and was justified theoretically in Ref.
20. Furthermore, Lan, Chang, and Liu (LC&L) also predict an S-like dependence from a pseudopotential band structure calculation within the virtual crystal approximation. 23 Their calculation is perfectly fit using a cubic expression, and we show the result (combined with room temperature band gaps) as a dash-dotted line in Fig. 6(b) . We see that the deviations from the best fit to the data and the LC&L prediction are not very large for the y < 0.3 available experimental data, but the extrapolation to Sn-rich alloys are significantly different. Both predictions seem to disagree with recent measurements on samples with y > 0.94 (Ref. 14) , but the discrepancy should be interpreted with caution because the E0 transition in α-Sn has a unique line shape that is not fully understood. 24 The difference between the LC&L prediction and the best fit in Fig. 6(b) has an important practical consequence: LC&L predict a vanishing band gap for y = 0.35, which implies that the 8-12 μm window could be easily covered with Ge-rich Ge1-ySny alloys. On the other hand, if our best fit is valid well beyond y > 0.3, the full 8-12 μm window would only be accessible to alloys with y = 0.7-0.8, which, if feasible, may require a completely different growth strategy. There is, however, a counterintuitive approach that may lead to smaller band gaps in a Ge-rich material: the reduce E0. Our finding that Si can be incorporated into the lattice using the Si4H10 precursor suggest that our growth strategy is a promising route to achieve full mid-IR coverage at modest Sn concentrations.
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